The effect of non-reducing sugars (sucrose, lactose and trehalose), complex carbohydrates (cyclodextrin and dextran), infant formula or egg yolk on the stability of purified chicken
INTRODUCTION
Gastroenteritis is one of the major problems encountered in infants and young children in underdeveloped countries (Facon et al., 1995) . In addition, elderly and immunocompromized patients are at great risk of such infections. Enterotoxigenic Escherichia coli, Salmonella, Campylobacter, Vibrio cholera and rotaviruses are the major microorganisms incriminated in gastroenteritis infections (Facon et al., 1995) . Active immunization cannot be launched by immunizing against the pathogen in all people. Newborn infants, immunocompromized patients and those who are under chemotherapy treatment cannot respond effectively to vaccines, and will not produce adequate antibodies to specific pathogens. It has been reported that the newborn is capable of producing mainly IgM with the level being only 10% of that for an adult (Benjamini & Leskowitz, 1991) . Therefore, passive immunization is an alternative method. In this treatment, specific antibodies that are capable of blocking the adherence of microorganisms to the intestine or neutralizing them are administered orally. There are several reports on the efficacy of chicken as therapeutic agents against dental carries and gastroenteritis in humans (Yolken et al., 1988; Otake et al., 1991) , against diarrhea in pigs ( Kuhlmann et al., 1988; Yokoyama et al., 1992; Marquardt et al., 1999) and even against viral gastritis in mice (Bartz et al., 1980) .
It is well known that laying hens produce IgG in serum that is transferred in high amounts to the egg follicle (Kuhlmann et al., 1988) . This chicken IgG once transferred to the serum is then called IgY. An estimation of 100-200 mg of IgY can be obtained from one egg (Kuhlmann et al., 1988) , hence, chicken eggs can be used as a convenient source of antibodies.
The use of chicken antibodies as therapeutic agents has several advantages over mammalian antibodies. The ease and continuity of their production makes them the antibodies of choice. In addition, their presence in the egg yolk offers an important advantage as they can be obtained without bleeding (Otani et al., 1991) . However, using antibodies as diagnostic, therapeutic or food ingredients exposes them to conditions that might affect their efficacy. Antibodies might lose some or all of their activity when incorporated with food in the process of fortification. Furthermore, the gastrointestinal acidity and the digestive enzymes might have a detrimental effect on them while passing through the gastrointestinal tract (Shimizu et al., 1993a) . Therefore, it is of prime importance to evaluate the stability of chicken IgY under conditions similar to those in the stomach in terms of the combined effect of pepsin and acidity in addition to the effects of freeze-drying, storage and heat treatment.
Several studies have been conducted to evaluate the stability of these antibodies. Shimizu et al. (1988 Shimizu et al. ( , 1992 Shimizu et al. ( , 1993b and Otani et al. (1991) have studied the stability of the IgY under heat, acid as well as protease digestion. Chicken IgY was fairly stable under these conditions, however, its stability was studied in phosphate-buffered saline (PBS) or phosphate buffer without the addition of any protectants. Later, Shimizu et al. (1994) studied the stability of IgY in the presence of high concentrations of sugar. A sucrose concentration of 30-50% was found to be highly effective in protecting the IgY from heat or acid denaturation and against high pressure as well. In all the previous studies, chicken IgY was extracted from the eggs and tested for its stability, however, the extraction process may involve organic solvents such as chloroform (Clark et al., 1993) or propanol (Bade & Stegemann, 1984) which limits their value as food additives. Also this procedure may be unnecessary when IgY is incorporated in the feed as purification can result in reduced recoveries and additional expenses. Nevertheless, no studies have evaluated the effects of heat, acid and protease digestion on the IgY in the presence of a food matrix such as infant formula or egg yolk. Therefore, the objective of this study was to evaluate the stability of chicken IgY in the presence of infant formula and egg yolk for the purpose of food fortification, and other sugars and lyoprotectants for the purpose of immunodiagnostics.
MATERIALS AND METHODS
Trehalose, lactose, dextran, 2-hydroxypropyl-cyclodextrin (cyclodextrin for short), Complete and Incomplete Freund's Adjuvant, p-nitrophenyl phosphate (pNPP) were from Sigma (St Louis, MO, USA). Sucrose was from Schwarz/Mann Biotech division of ICN Biomedicals Inc. (Cleveland, OH, USA), rabbit anti-chicken alkaline phosphatase conjugate was from Jackson ImmunoResearch (Mississauga, ON, USA), Falcon microtiter plates were from Fisher Scientific (Nepean, ON, USA), infant formula (Enfalac) was from a local pharmacy, and the bicinchoninic acid (BCA) protein assay kit was from Pierce (Rockford, IL, USA). Freeze-dried egg yolk powder was produced in the Department of Animal Science, University of Manitoba, Canada. All other chemicals were of analytical grade.
Chicken Antibody Production
White Leghorn hens that were 27 weeks old were immunized with 500 mg affinity purified rabbit IgG2a in 0.5 ml of 0.01 M-phosphate buffered saline containing 0.14 M-NaCl (PBS, pH 7.2) emulsified with 0.5 ml Freund's Complete Adjuvant. Booster shoots of 250 mg/bird emulsified with Freund's Incomplete Adjuvant were given at monthly intervals. Eggs were collected after four boosts.
Antibody Purification
Antibodies were extracted and purified from the egg yolk using chloroform as an extraction agent following the method of Clark et al. (1993) . The semi-pure IgY fraction was subjected to high resolution anion exchange chromatography with a Pharmacia MonoQ HR 5/5 column (Pharmacia, Upsala, Sweden) using 50% step gradient containing buffer A (0.05 M-phosphate buffer [pH 6.5]) and buffer B (0.3 M-phosphate buffer [pH 6.5]). The volume of sample applied was 2 ml (10 mg/ml -1 ) and the protein was eluted at a flow rate of 1 ml min -1 at room temperature. The activity of IgY in the different fractions were evaluated by ELISA and the amount of protein was quantified using the Pierce (BCA) Protein Assay. SDS-PAGE electrophoresis revealed the presence of only two bands corresponding to the heavy and light chains of chicken IgY.
Freeze-drying of IgY
Pure IgY was diluted to 1 mg ml -1 solutions of 30% sucrose, lactose or trehalose; 20% infant formula; 5% cyclodextrin or dextran; or egg yolk or water. Samples were rapidly frozen at -20°C and then were placed in a VirTis freeze-dryer model Genesis 25 LE (Gardiner, NY, USA) for 24 h. The condenser temperature of the freeze dryer was set at -45°C while the shelf temperature was set at 30°C. Upon completion of freeze drying, the samples were removed and stored at -20°C until used.
Heat Treatment
Antibody solutions (1 mg ml -1 ) were heated at 50, 60, 70, 80 or 90°C in a water bath for 30 min in the presence of 30% sucrose, lactose or trehalose; 5% cyclodextrin or dextran; 20% infant formula; or egg yolk or water as a control.
Enzyme Treatment
Chicken IgY (1 mg ml -1 ) digestion was performed with gentle shaking at 37°C. Freeze-dried IgY in the presence of different protectants and food matrices were reconstituted in 0.2 M-acetate buffer (pH 2.5) for pepsin, or 0.2 M-Tris-HCl buffer (pH 7.5) for trypsin. Enzymes were added to give a final ratio of 1:20 enzyme to substrate (w/w). Pepsin digestion was carried out at 37°C for 2 h while trypsin digestion was carried out for 4 h at the same temperature. The reaction was stopped by the addition of 2 M-Tris-base or phenyl methyl sulfonyl fluoride in isopropanol for pepsin and trypsin, respectively.
ELISA
The residual activity of IgY after each treatment was evaluated by ELISA. Briefly, 96-well microtiter plates were coated with 1 mg/well of rabbit IgG2a in carbonate buffer (pH 9.6) and incubated overnight at 4°C. Subsequently, plates were washed six times with 0.01 M-PBS (pH 7.2) containing 0.05% Tween 20 (PBST), filled with 200 ml/well of 5% skim milk in PBST and incubated for 2 h at 37°C. Chicken anti-rabbit IgG2a (0.4 mg/well) in PBST was added to the plates, and incubated at 37°C for 1.5 h. After a washing step, 100 ml of alkaline phosphatase conjugated rabbit anti-chicken IgY diluted to 1:5000 in PBST was added to each well and incubated for 1 h at 37°C. Finally, the color was developed by the addition of 100 ml/well of alkaline phosphatase substrate (pNPP), and plates were read at 405 nm using a microtiter plate reader (Model 450; Bio-Rad Laboratories, Mississauga, ON, USA). All results were the average of triplicate analyses.
RESULTS AND DISCUSSION

Combined Effect of Proteases and Acidity on the Stability of Chicken IgY
Chicken antibodies were incubated in both pepsin (pH 2.5) and trypsin (pH 7.5) at a ratio of 1:20 enzyme to substrate for 2 and 4 h, respectively. Figure 1 shows the percent of original activity after both treatments. The activity of IgY after pepsin treatment was almost completely lost in the presence of the three sugars, dextran or cyclodextrin as well as when no protectant was used. In contrast, the recovery of IgY when incubated with pepsin in the presence of infant formula or egg yolk was 39 and 34%, respectively.
Pepsin digestion of mammalian IgG at a low pH usually leads to the production of Fab2 fragments which continues to be reactive (Shimizu et al., 1988) . However, this was not the case when chicken IgY was digested at a low pH, as the antibody lost most of its activity which indicates that digestion did not result in the production of active Fab2 or Fab fragments as reported with IgG (Shimizu et al., 1988 (Shimizu et al., , 1992 (Shimizu et al., , 1993b Otani et al., 1991) . In this respect, it appears that chicken IgY resembles mouse IgG2b which is highly susceptible to pepsin digestion without the production of any active fragments. However, the particular susceptibility of mouse IgG2b to proteolysis was related to the larger hinge region (Parham, 1983) , while the susceptibility of chicken IgY may be due to the high flexibility imparted by the lack of hinge region (Pilz et al., 1977) . Further, Dreesman and Benedict (1965) related the excessive susceptibility of IgY to proteolytic digestion to the weakness of the intramolecular non-covalent bonds between its heavy and light chains. In addition, the lower contents of b-sheets in IgY may indicate that the conformation of the IgY domains is disordered which contributes to the low stability observed (Shimizu et al., 1992) . The ability of egg yolk and infant formula to stabilize IgY in contrast to the results obtained with the sugars and dextran may be related to their considerable buffering capacity or protective effects. The two food products are somewhat basic and thus they have elevated the pH of the solution which could have decreased pepsin activity, hence the IgY would not have been completely digested. A similar situation may also occur in vivo. Pepsin may also target proteins other than IgY in the two products thereby sparing IgY from digestion. The choice of these two food products was not arbitrary. It is proposed that infant formula be fortified with specific IgY to protect infants against gastrointestinal pathogens. On the other hand, egg yolk is edible and therefore, can be used directly in certain foods without the need for the antibody purification.
In contrast to the pepsin digestion, trypsin treatment did not seem to have a detrimental effect on IgY. Complete recovery (100%) of the original IgY activity was observed when it was incubated in a trypsin solution in the presence of trehalose or egg yolk. Residual activities of 94, 90, 86, 82, 75 and 74% were observed for sucrose, dextran, cyclodextrin, buffer, lactose and infant formula, respectively. It appears that IgY is more resistant to the effects of trypsin compared to pepsin. It is also apparent that infant formula and lactose did not confer any additional protection against tryptic digestion compared to the control. The high stability of IgY in the presence of trypsin indicates that once it passes the acidity of the stomach, it retains most of its activity and therefore, can combat or minimize the effect of intestinal pathogens. Furthermore, the dwell time of food in the stomach is estimated to be between 2-3 h for solid food and a shorter period for liquid food (Wardlaw & Insel, 1993) . In infants this time is even shorter and the pH of their stomach contents is higher (4-4.5), thus, the damage to ingested IgY due to pepsin will be reduced (Shimizu et al., 1988) . The ability of IgY to survive digestion in the gastrointestinal tract is further supported by the observation that egg yolk antibodies can provide complete passive protection against E. coli infection in pigs (Yokoyama et al., 1992; Marquardt et al., 1999) .
Effect of freeze-drying and Storage Temperature on the Stability of Chicken IgY
Freeze-drying and reconstitution of antibodies and biological materials can have a detrimental effect on protein structure and function (Ressing et al., 1992) . In the present study the effect of freeze-drying on the stability of IgY in the presence of non-reducing sugars, complex carbohydrates, egg yolk and infant formula was studied. The results revealed that the best recovery of IgY activity was observed when no cryoprotectant was added (90%) or when egg yolk was added (86%, Figure 2 ). The recovery of activity was slightly lower with the dextran and considerably lower with the sugars. The infant formula offered the least recovery as only 24% of the original activity of the antibody was recovered (Figure 2 ) regardless of its concentration (data not shown). Ressing et al. (1992) reported a slightly higher recovery of mouse IgG2a (90%) when freeze-dried, regardless of the cryoprotectant that was used. In our study a lower recovery was observed in the IgY which could be related to the higher susceptibility of the IgY to denaturing conditions than mammalian immunoglobulins. Ressing et al. (1992) also reported that cyclodextrin was the best cryoprotectant which may be related to its ability to accommodate IgG in its cyclic cavity. However, the higher molecular weight of IgY than mouse IgG might have prevented it from entering the cavity of cyclodextrin, thus no protection was conferred.
The very low recovery of the IgY in the presence of the infant formula is noteworthy. It is composed of different constituents including fat, proteins, carbohydrates, and several minerals and vitamins. Collectively these may have produced a damaging effect to the antibody during the freeze-drying process. However, due to the complex nature of the infant formula, it would be difficult to pin point the ingredient(s) that might have exerted the damaging effect to chicken IgY.
To determine the effect of temperature abuse on the shelf life of freeze-dried IgY, it was stored for 6 weeks at 21, 37 and 50°C and the residual activity was determined by ELISA (Figure 3(a) and (b) ). Trehalose, cyclodextrin and infant formula were found to be the best potectants with over 80% of the original IgY activity recovered at all temperatures. Egg yolk, sucrose, lactose and dextran provided slightly lower protection. However, IgY lost almost half of its activity at 21 and 37°C and all activity at 50°C in the absence of any cryoprotectants. Trehalose has been reported to be the cryoprotectant of choice during freezedrying of bacteria (Leslie et al., 1995) , mouse IgM (Drabar et al., 1995) and phosphofructokinase (Carpenter et al., 1987) . This could be due to the non-reducing nature of trehalose. Sucrose also is a non-reducing agent, however, at high storage temperatures, some of sucrose gets hydrolyzed to D-glucose and D-fructose which are also called invert sugars (Voet & Voet, 1990) . These invert sugars enhanced inactivation of chicken IgY when stored for long period of times at high temperatures (50°C) (Shimizu et al., 1994) . The inactivation probably occurs due to the reaction between the sugar carbonyl and the IgY amino groups as indicated by the extensive browning color observed in the stored vials. In this experiment, extensive browning reaction was also observed when IgY was stored in the presence of lactose. Slight browning was also observed in the presence of infant formula, while no browning or change in color was observed in IgY stored in the other cryoprotectants. These observations explain the high recovery of IgY in the presence of trehalose and cyclodextrin compared to sucrose and lactose. The infant formula and egg yolk appeared to confer similar protection to that of trehalose and cyclodextrin. Unlike sugars, when the infant formula containing the IgY reconstituted prior to testing, large aggregates were noticed. It appears that the formation of such aggregates shielded the antibodies from the temperature effect during storage, thus, high recovery was observed. It has been reported that bacterial cells or their spores were able to resist killing to a greater degree when exposed to heat in a medium containing fat, carbohydrate or protein than when exposed to heat while suspended in a buffer (Splittstoesser et al., 1986) . Therefore, the presence of these nutrients in both infant formula and egg yolk provided partial protection of IgY when stored at elevated temperatures. IgY also continued to be fairly stable without much additional loss in activity when the storage period was extended to 14 weeks except when IgY was stored at the higher temperature (50°C) in the presence of sucrose and lactose. The recovery of IgY activity in the presence of these sugars was only 30% of the original activity and the preparation appeared to be much darker due to extensive browning reaction. The freeze-drying studies therefore suggest that no cryoprotectant is required during freeze-drying of these dried samples. However, the storage for long periods of time at higher temperatures can result in considerable loss of IgY activity if there are no cryoprotectants sample or if the concentration of reducing sugars is high. Agents such as trehalose, dextran, egg yolk or infant formula offer considerable protection against thermal inactivation of IgY during storage. Infant formula, however, should be added after freeze-drying so as to avoid loss of activity during freezedrying.
Effect of Heat Treatment in an Aqueous Medium on the Stability of Chicken IgY
The heat stability of chicken IgY was evaluated by ELISA after incubating the antibody for 30 min at 50, 60, 70, 80 or 90°C in an aqueous solution in the presence of sugars, egg yolk, infant formula and complex carbohydrates. Very little loss of IgY activity was observed with any of the treatments when the antibody was exposed to 50°C except for the control (no additive) and infant formula (Figure 4(a) and (b) ). However, at 60°C the highest recovery of IgY activity was observed in the presence of egg yolk and sucrose with the recovery being 100 and 96%, respectively. A moderate loss of IgY activity at 60°C was observed in the presence of all sugars and other protectants except infant formula and the control where half of IgY activity was lost. IgY retained about 70% of its activity when incubated at 70°C in the presence of sugars, infant formula and egg yolk, while only about 20% of its activity was recovered when heated in the presence of cyclodextrin and dextran. The latter two protectants compared to the control did not offer any additional protection to IgY at higher temperatures, and therefore are considered to be ineffective as thermal protectants. It is noteworthy that the recovery of IgY in the presence of infant formula increased with increasing temperature. Aggregation of the infant formula at the higher temperatures may have provided a physical shield for the IgY antibodies. IgY activity was completely lost at 80°C, except 5 and 7% activity was recovered when it was heated in the presence of the infant formula and egg yolk, respectively. From the above results it appeared that the IgY is stable in the presence of sugars, egg yolk and infant formula even at 75°C. These results are in agreement with these obtained by Shimizu et al. (1988 Shimizu et al. ( , 1994 where they also reported that the heat stability of IgY is comparable to that of mammalian IgG. These studies therefore, demonstrated that IgY is relatively stable to high temperatures (70°C) in the presence of its natural matrix (egg yolk) and the sugars including reducing sugars. Presumably these sugars did not interact with the amino groups of the IgY under these conditions. In conclusion, the results from the present study indicated that certain sugars, especially the non-reducing sugars, infant formula and egg yolk are good thermoprotectants of IgY while cyclodextrin and dextran were less effective. Further, egg yolk and infant formula but not the other compounds protected IgY against the combined effects of pepsin and low pH. None of the cryoprotectants provided additional protective effects on IgY during freezedrying, except for infant formula which was detrimental to IgY stability. Therefore, if infant formula is to be fortified with IgY against specific pathogens, it is recommended that it be added to the formula after freeze-drying.
